A fundamental dichotomy in the subcortical visual system exists between on-and off-type neurons, which respectively signal increases and decreases of light intensity in the visual environment. In primates, signals for red-green color vision are carried by both on-and off-type neurons in the parvocellular division of the subcortical pathway. It is thought that on-type signals for blueyellow color vision are carried by cells in a distinct, diffusely projecting (koniocellular) pathway, but the pathway taken by blue-off signals is not known. Here, we measured blue-off responses in the subcortical visual pathway of marmoset monkeys. We found that the cells exhibiting blue-off responses are largely segregated to the koniocellular pathway. The blue-off cells show relatively large receptive fields, sluggish responses to maintained contrast, little sign of an inhibitory receptive-field surround mechanism, and negligible functional input from an intrinsic (melanopsin-based) phototransductive mechanism. These properties are consistent with input from koniocellular or ''W-like'' ganglion cells in the retina and suggest that blue-off cells, as previously shown for blue-on cells, could contribute to cortical mechanisms for visual perception via the koniocellular pathway.
T
his study addresses the properties of sensory afferent pathways for primate color vision. Chromatic information is transmitted from the retina to the cortex via the lateral geniculate nucleus (LGN). Many neurons in the LGN show ''cone opponent'' responses: they are activated by a restricted range of wavelengths in the visible spectrum and inhibited by others. In trichromatic primates, the dorsal (parvocellular) layers of the LGN are dominated by neurons that show red-green cone opponent responses, as a result of antagonistic inputs arising in medium-wavelength-sensitive (M or ''green'') and longwavelength-sensitive (L or ''red'') cones. A smaller proportion of neurons in the retina and LGN shows blue-on responses, as a result of excitatory input arising in short-wavelength-sensitive (S) cones (1) (2) (3) (4) (5) . Blue-on ganglion cells in the retina show a distinct bistratified morphology (5) , and blue-on signals reach the visual cortex via the koniocellular/intercalated layers of the LGN (6, 7) . Unlike cells in the parvocellular (PC) and ventral (magnocellular) layers, the constituent cells of koniocellular pathways show diverse functional properties and widespread cortical terminations and are considered to have arisen early in the evolutionary history of the visual system (7) (8) (9) . The blue-on koniocellular cells thus have been considered as part of a primordial pathway for color vision (10) . By contrast, the divergence of M and L cones to yield red-green signals in PC pathway cells occurred relatively recently (Ϸ15 million years ago) in the evolution of the primate visual system (11, 12) .
Receptive fields receiving off-type signals from S cones (''blue-off'') rarely are encountered (1, 4, 13, 14) , and the receptive-field properties and central projections of blue-off cells remain poorly understood. Two classes of ganglion cell in macaque retina show wide-field morphology and display blue-off type signals (15) , but some of these cells also show intrinsic photosensitivity, making their role in color processing unclear. Evidence for a different source of blue-off signals was obtained from electron microscopic reconstruction of five S cones and their postsynaptic cells in macaque fovea (16) . These experiments revealed off-type connections with midget-PC pathway bipolar cells, implying that blue-off cells (like red-green opponent cells) form part of the PC pathway (but see also ref. 17) .
Here, we measured the location and response properties of blue-off cells in the LGN of marmoset monkeys. Unlike the situation in macaques and humans, the koniocellular layers of the LGN in marmosets are well segregated from the magnocellular and PC layers, enabling the location of recorded cells to be determined reliably. Furthermore, marmosets show a sex-linked polymorphism of color vision, whereby all male animals show dichromatic (red-green colorblind) color vision. This fact has allowed us to compare the properties of blue-off cells in dichromatic and trichromatic visual systems and to generate ''silent substitution'' stimuli, which in dichromatic eyes leave the two cone pigments unmodulated yet provide contrast to the intrinsic melanopsin-based photopigment in cells that express it.
Results
In 16 experiments, we obtained spatial and temporal response characterization of 15 blue-off cells, 36 blue-on cells, and 322 ''non-blue'' PC cells (140 PC-on, 182 PC-off). The true proportion of blue-on and blue-off cells may be lower than these numbers suggest because, in some experiments, we abandoned recordings from encountered cells that showed no functional sign of inputs from S cones. Fig. 1A shows responses of four cells to S-cone-selective and achromatic gratings drifting at 4 Hz. All cells responded to achromatic modulation at low spatial frequency [Ͻ0.02 cycles per degree (cpd); Fig. 1 A] . Response amplitude of PC cells [18.7 impulses per second (imp⅐s Ϫ1 ), SD ϭ 12.1, n ϭ 69] is slightly greater than for blue-off cells (13.7 imp⅐s Ϫ1 , SD ϭ 7.4, n ϭ 13, P ϭ 0.21) and significantly greater than for blue-on cells (7.8 imp⅐s Ϫ1 , SD ϭ 7.0, n ϭ 11, P Ͻ 0.01). The blue-on cells characteristically showed vigorous responses to low-frequency S-cone-selective grating (mean amplitude 24.6 imp⅐s Ϫ1 , SD ϭ 9.5, n ϭ 36; Fig. 1 A) . Responses of blue-off cells to the S-cone-selective grating were less vigorous (mean 15.4 imp⅐s Ϫ1 , SD ϭ 5.3, n ϭ 15) but always were greater than spontaneous or ''noise'' response amplitude (mean 1.6
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Ϫ1 , SD ϭ 1.3, n ϭ 13, P Ͻ 0.01). The S-cone-selective grating produced Ϸ66% contrast in the S cone and Ͻ5% contrast in the medium-long-wavelength-sensitive (ML) cone class. The small response seen in the two PC cells (Fig. 1 A) thus likely can be attributed to residual contrast delivered to the ML cones. Consistently, PC cells tested with S-cone-selective gratings showed low response amplitude (mean 1.7 imp⅐s Ϫ1 , SD ϭ 1.1, n ϭ 17). Fig. 1B shows temporal frequency-response functions for low-spatial-frequency S-cone-selective gratings. As expected (18, 19) , the blue-on cells show band-pass temporal tuning, with peak response normally close to 6 Hz. Relative to the peak, response amplitude for low-temporal-frequency (0.5-Hz) modulation was reduced by 45.8% (SD ϭ 24.4%, n ϭ 13) for blue-on cells. Blue-on cells showed slightly more low-frequency attenuation than blue-off cells did [mean response of blue-off cells at 0.5 Hz was reduced by 36.3% relative to peak (SD ϭ 24.9%, n ϭ 8)], but the difference is insignificant (P ϭ 0.83).
Fig . 1C shows the response phase at 4 Hz for blue-on and blue-off cells. Phase for both types shows linear dependence on temporal frequency. The slope of the phase/frequency graph was used to estimate response latency (transport delay). Mean response latency for S-cone modulation was 95.9 ms (SD ϭ 33.9, n ϭ 8) for blue-off cells and 71.2 ms (SD ϭ 10.3, n ϭ 13) for blue-on cells. The same calculation for PC cell responses to achromatic modulation yielded lower equivalent latency (mean 49.7 ms, SD ϭ 5.2, n ϭ 12, P Ͻ 0.01). Five cells with S-cone input (two blue-off, three blue-on) tested with both stimuli showed only slightly shorter latency for the achromatic grating (mean 78.9, SD ϭ 23.9 ms) than for the S-cone-selective grating (mean 83.8, SD ϭ 17.2 ms, P ϭ 0.43, Wilcoxon paired test), suggesting that differences in the stimulus conditions cannot entirely account for the latency difference. Consistent with slightly longer response latency of blue-off compared with blue-on cells, the two populations showed Ͻ180°phase difference for S-cone modulation at 4 Hz ( Fig. 1C ; mean difference 161.7°, SD ϭ 14.2).
We measured the spatial-tuning properties of blue-off cells. Fig. 2A shows example spatial-tuning curves for three blue-off cells for S-cone-selective gratings. The fundamental Fourier component (F1) was fit with a difference-of-Gaussians (DOG) model ( Fig. 2 A, solid line). All blue-off cells we recorded showed low-pass spatial tuning. We quantified low-frequency attenuation by measuring the relative response amplitude for low (0.01 cpd) and optimum spatial-frequency gratings. The low:optimum frequency ratio (LFR) of blue-off cells for S-cone-selective gratings was 95.6% (SD ϭ 10.3, n ϭ 15). Stronger signs of inhibitory surround action were seen in blue-on cells. The LFR of blue-on cells for S-cone-selective gratings was 77.6% (SD ϭ 21.8, n ϭ 26, P Ͻ 0.01). Blue-off cells showed slightly greater attenuation for achromatic gratings (LFR 83.2%, SD ϭ 23.0, n ϭ 13) than for S-cone-selective gratings. However, this attenuation was much less than that exhibited by PC cells (LFR 53.6%, SD ϭ 23.1, n ϭ 69, P Ͻ 0.01). We conclude that blue-off cells exhibit little sign of a suppressive receptive-field surround mechanism.
If blue-off responses are carried by PC cells, then the size of blue-off receptive fields should be close to that of PC cells at any given eccentricity. On the other hand, if blue-off responses are carried by koniocellular pathway cells, then the size of blue-off receptive fields should be large, consistent with input from wide-field ganglion cells in the retina (15, 19, 20) . Receptive-field center radius of blue-on and blue-off cells (measured with S-cone-selective gratings) and a sample of PC cells (measured with achromatic gratings) are compared in Fig. 2B . Blue-off center radii are larger than those of PC cells at equivalent eccentricities, suggesting that they do not derive one-to-one input from midget ganglion cells in the retina. There is greater overlap in center size when blue-on and PC populations are compared; 36% (13/36) of blue-on cells lie within a convex hull enclosing the PC population (Fig. 2B, dashed outline) .
We set optical refraction (with supplementary lenses) to maximize PC cell responses to achromatic gratings. The relative efficacy of S-cone-selective gratings thus would be reduced at high spatial frequencies by chromatic aberration (21) , so the S-cone-selective stimulus could overestimate the size of blue-on and blue-off cells. For blue-off cells, average center radius estimated from responses to achromatic gratings (0.53°, SD ϭ 0.58, n ϭ 13) was slightly smaller than for S-cone-selective gratings (0.63°, SD ϭ 0.48, n ϭ 13, P ϭ 0.27, Wilcoxon paired test). This difference was even more pronounced for blue-on cells (average for achromatic gratings: 0.10°, SD ϭ 0.13, n ϭ 23; for S-cone-selective gratings: 0.20°, SD ϭ 0.15, n ϭ 23, P Ͻ 0.01, Wilcoxon paired test). Nevertheless, under both achromatic and S-cone-selective stimulation, the center radius of nearly all Dacey et al. (15) showed that one type of blue-off cell projecting to the LGN in macaques has ''giant-sparse'' dendriticfield morphology and displays intrinsic photosensitivity. The time course of this intrinsic response is extremely sluggish, raising the question of whether it contributes to modulated responses of blue-off cells. Fig. 3 shows spatial tuning of a blue-off cell in a dichromatic male marmoset for S-coneselective gratings, as well as gratings selective for the ML pigment expressed by this animal (peak 556 nm) and the melanopsin pigment (peak 482 nm). The modulated cone contrast (the maximum achievable with our CRT monitor) was close to 13% for melanopsin, 22% for the 556-nm pigment, and 66% for the S-cone pigment. It can be seen that the melanopsin and ML-cone responses are feeble but appear in opposite phase to the S-cone response, consistent with results from macaque ganglion cells (15) . Thus, the response of this blue-off cell almost is exclusively dominated by S cones at a temporal frequency of 4 Hz. In seven other blue-off cells, we analyzed the relative strength of cone inputs to the receptive field by measuring responses to combined luminance and chromatic variation in 64 uniformly spaced excursions about a constant white point (22) . Responses in three of the blue-off cells were best accounted for by assuming functional input from S cones alone. Responses in the remaining cells were best accounted for by assuming antagonistic input from ML-class cones (mean ML weight 43.1%, n ϭ 4), but small contribution of a melanopsin-like intrinsic mechanism could not be ruled out. In sum, responses to 4-Hz frequency modulation were not significantly influenced by the intrinsic photopigment melanopsin in the blue-off cells we sampled, either because the blue-off cells we recorded do not receive input from the giant-sparse ganglion cells or because, as hypothesized (15) , the melanopsin response is functionally uncoupled from the blue-off response by its extremely sluggish temporal characteristic. Technical limitations prevented us from exploring very low temporal frequencies.
The maintained discharge rate of four of the blue-off cells we recorded was high, and, consistently, the Fourier F0 response component showed high mean amplitude (Ͼ 10 imp⅐s Ϫ1 ) and high variability in these cells (Fig. 2 A Top and Bottom). We could not distinguish these cells from other blue-off cells on the basis of their functional cone inputs or receptive-field size. On average, the integrated response volume (K c r c 2 ), where K c and r c are peak sensitivity and radius of the center mechanism, returned by the DOG fit for blue-off cells (0.16 imp⅐s Ϫ1 ⅐% Ϫ1 , SD ϭ 0.067, n ϭ 15) was lower than that of blue-on cells (0.37 imp⅐s Ϫ1 ⅐% Ϫ1 , SD ϭ 0.14, n ϭ 15, P Ͻ 0.01). This finding is consistent with recent data A B from macaque LGN (14) and with psychophysical data showing higher sensitivity for S-cone increment than for decrement tests (23) . Six of the 16 animals studied were trichromats. The spatial and temporal properties of blue-off (6/15) and blue-on (6/36) cells recorded from these animals were not obviously different to those recorded in dichromats. Finally, we measured the location of blue-off cells within the LGN. Fig. 4A shows a coronal section through the marmoset LGN, reacted with avidin-biotin and diaminobenzidine. In sections reacted this way, the recording track can be identified by the dark peroxidase reaction. A reconstruction of this track made from this and adjacent Nissl-reacted sections is in Fig. 4B . The location of the blue-off cell recorded on this track is indicated with an arrow in Fig. 4A . The location of 7 blue-off and 13 blue-on cells is summarized in Fig. 4C . As described in ref. 6 , blue-on cells are segregated to the koniocellular layers. Five of the seven blue-off cells were located in the koniocellular layer K3 (9, 24, 25) . The position of the remaining eight blue-off cells was not recovered histologically. The eye dominance and encounter position on the recording track of three of these eight cells was consistent with location in layer K3; three others likely were located in the PC layers or in layer K4 between the internal and external PC layers.
Discussion
The existence of blue-off cells as a distinct functional class was called into question by early studies (26) (27) (28) , but it is now accepted that they form a small proportion of visually responsive units in the primate LGN (4, 13, 14) . Koniocellular pathway cells are distinguished from PC and magnocellular cells by their relatively sluggish light-and electrical-evoked responses, large receptive fields, and low peak and maintained discharge rates (20, 29, 30) . Our sample of blue-off cells shows properties largely consistent with this description (Figs. 1 A and B, 2, and 3) . The response properties of blue-off cells we recorded are consistent with recordings from macaque LGN (4, 13, 14) with the exception that we found that some blue-off cells almost were completely dominated by S-cone input. The low encounter rates for blue-off cells in both macaque and marmoset makes it difficult to establish whether this finding is attributable to a species difference or sampling variation.
At least two classes of ganglion cell in macaque show blue-off responses. Dacey et al. (15) reported that the intrinsically photo- sensitive giant-sparse cells show blue-off responses. The receptivefield diameters of giant-sparse cells (mean 3.24°, SD ϭ 1.33, n ϭ 7) overlap with the upper half of the size range we recorded (Fig. 2B) .
The blue-off cells we recorded showed negligible functional input from melanopsin-based pigment at 4-Hz stimulation frequency (Fig. 3) (16) showed connections with midget-PC pathway bipolar and ganglion cells, predicting that some blue-off responses should be associated with small (''single-cone input'') receptive fields. In marmosets and macaques, the S cones constitute 5-10% of all cones (32, 33) ; on this basis, one would expect a random sample of 182 PC-off cells to include at least nine cells with strong S-off input and small receptive fields, but we did not see any ( 2 , P Ͻ 0.01, Yates correction applied). Our physiological results also are consistent with anatomical evidence that S cones throughout the marmoset retina (17) and in peripheral human retina (34) do not contact midget bipolar cells. Nevertheless, we cannot rule out the possibility that S-cone connections with midget bipolar cells show species-specific differences.
In addition to projection to the supragranular layers of primary visual cortex (V1, area 17), targets of the koniocellular layers of the LGN include the middle temporal area (MT, V5) and other prestriate cortical areas (35) (36) (37) . Our results suggest that a blue-off pathway, like the blue-on pathway (6, 7), thus could contribute directly to S-cone-mediated motion processing (38, 39) as well as to cortical pathways for color vision.
Materials and Methods
Adult marmosets (Callithrix jacchus; seven females and nine males) were obtained from the Australian National Health and Medical Research Council (NHMRC; Canberra, Australia) combined breeding facility. All procedures conform to the provisions of the Australian NHMRC code of practice for the use and care of animals. Extracellular recordings from single units were made under sufentanil anesthesia [for details of genotyping and recording, see Blessing et al. (22) ]. Electrolytic lesions (6 A ϫ 6 s) were made at the position of some recorded units to aid histological reconstruction. Responses were subjected to Fourier analysis; amplitude and phase were estimated from the F1 component. Before recording the color vision phenotype of the female animals was predicted by PCRrestriction fragment length polymorphism as described (22) .
Stimuli were drifting sinusoidal gratings presented on a CRT monitor. Cone-selective stimuli were predicted by convolving the spectral power distribution of the CRT phosphors with marmoset cone receptor sensitivity and lens absorption (40) via the Judd-modified CIE 1931 color-matching functions as described (22) 32] . These values were chosen to strongly modulate the S cones (contrast 0.661) yet limit the contrast delivered to the ML opsins (peak sensitivity 543 nm, 556 nm, 563 nm) expressed by marmosets (respective contrast 0.045, 0.041, 0.043). Background was held at [0.3612, 0.3633, 32]. To estimate cone balance and melanopsin input, the modulation vector through this background was ''tilted'' in 64 uniformly spaced directions in CIE chromaticity (x, y) and luminance (Y) as described (22) . Achromatic gratings were produced by in-phase phosphor modulation through the same background point or through [0.317, 0.335, 45]. Temporal tuning was measured at low (Ͻ0.2 cpd) spatial frequency. Contrast was normally set to the maximum achievable by the monitor but could be attenuated as required to ensure recordings were from a linear region of the cell's response range.
Spatial-frequency tuning functions were fit by a DOG function as described (29) . Receptor weights were estimated by constrained nonlinear optimization of F1 amplitude and phase ( fmincon, MATLAB optimization toolbox, Version 2; MathWorks, Natick, MA). Predicted responses of receptors with peak sensitivity at 423 nm (S cone); 543, 556, or 556 nm (ML cones); or 482 nm (melanopsin) were fit to the form R ϭ A⅐[w⅐C 1 ϩ (1 Ϫ w)⅐C 2 ], where R is the predicted response amplitude, A is an amplitude scaling factor, C 1 and C 2 are receptor contrasts, and w is a weighting factor which can vary between Ϫ1 and ϩ1. Negative values of w represent out-of-phase (opponent) combination; positive values represent in-phase (additive) combinations. Responses were fit in the complex plane with free parameters A and w and an additional phase (transport) delay term. For trichromatic animals, the single-receptor response C 2 was replaced by an equal-weighted sum of M and L response.
After recordings, the animal was overdosed with barbiturate and perfused transcardially with 4% paraformaldehyde; the brain was removed and sectioned in the coronal plane [for details, see White et al. (25) ]. Electrode tracks were reconstructed from these sections by comparing the receptive-field positions and cell recording depths with the known anatomical eye dominance and retinotopy of the layers of the LGN (24, 25) .
Unless otherwise specified, probability values refer to the Wilcoxon rank-sum statistic (MATLAB statistics toolbox; MathWorks).
